Abstract An atmospheric non-thermal plasma jet was developed for sterilizing the Staphylococcus aureus (S. aureus). The plasma jet was generated by dielectric barrier discharge (DBD), which was characterized by electrical and optical diagnostics. The survival curves of the bacteria showed that the plasma jet could effectively inactivate 10 6 cells of S. aureus within 120 seconds and the sterilizing efficiency depended critically on the discharge parameter of the applied voltage. It was further confirmed by scanning electron microscopy (SEM) that the cell morphology was seriously damaged by the plasma treatment. The plasma sterilization mechanism of S. aureus was attributed to the active species of OH, N2
Introduction
Recently, much attention has been paid to atmospheric pressure plasma sterilization for its feasibility and low cost in applications on heat-sensitive materials and biological tissues, such as plastics, rubbers, foods, fibers, and skin [1, 2] . Compared to conventional physical sterilization methods, such as dry heating and moist heating, the chemical method of ethylene oxide sterilization and gamma irradiation, atmospheric non-thermal plasmas are considered to be promising for operating at atmospheric pressure and low temperature, having a high sterilizing efficiency, producing no toxic residues, and having a low power consumption. It has been demonstrated that high sterilizing efficiency on various bacteria can be achieved at low temperature by non-thermal plasmas, such as dielectric barrier discharge (DBD) [3] , glow discharge [4] , corona discharge [5] and plasma jet [6] . Among these plasma sources, the plasma jet is believed to be a feasible one because it generates the plasma outside the discharge region and in ambient air, which expands its application scope. Unfortunately, the sterilizing mechanism of interaction between plasma and bacteria is still unknown. As a representative of Gram-positive bacteria, S. aureus is one of the most common bacteria that cause hospitalacquired bacterial infections and a range of illnesses from minor skin infections to life-threatening diseases, such as pneumonia, meningitis, and bacteremia [7] . In this work, an atmospheric non-thermal plasma jet was developed for investigating S. aureus sterilizing efficiency. Its dependence on the discharge characteristics was studied with the discharge parameter in terms of applied voltage. The bacterial cell morphology and active species generated in the plasma jet were studied by scanning electron microscopy (SEM) and optical emission spectroscopy (OES), respectively.
Experimental details and data analysis
The experimental schematic setup of the atmospheric non-thermal plasma jet is shown in Fig. 1(a) . The powered copper rod electrode was inserted in a ceramic tube (1.5 mm × 3.1 mm × 200 mm) and connected with a high-voltage power supply operating at 30 kHz with a sinusoidal waveform. The working gas of helium was injected into another ceramic tube with the flow rate of 2 slpm (standard liter per minute). The plasma jet in terms of glow discharge was consequently generated between the powered electrode and ground electrode of the sample holder in ambient air [8] . The discharge appearance of the plasma jet is given in Fig. 1(b) , which is taken by an ICCD (Andor iStar-720) with an exposure time of 1 ms. The typical nano-second image of the plasma jet, as shown in Fig. 1(c) , is taken with an exposure time of 1 ns and at the instant of the discharge current peak (not shown here), which indicates that the plasma jet consists of a traveling plasma bullet instead of a streamer [8] . The distance between the nozzle and the samples was fixed at 5 mm. The gas temperature of the plasma jet was measured by a thermocouple (TES 1310 TYPE-K) to be 30
• C, 32
• C and 35
• C (room temperature was 25
• C), corresponding to the peak-to-peak magnitudes of the applied voltage (V pp ) at 15 kV, 16.5 kV and 18 kV, respectively. The sterilizing efficiency was evaluated from the survival curves of the bacteria by counting the colonyforming units (CFU) after the plasma treatment. Bacterial cell morphology was studied by SEM (PHENOM WORLD) and an optical emission spectrum was obtained by a spectrometer (Andor Sham-rock) with a focal length of 750 nm and a grating of 600 grooves/mm. The samples of S. aureus for plasma treatment were prepared on a glass substrate (11 mm × 22 mm) which was stuck on the glass slide. The initial concentration of S. aureus was estimated to be about 10 8 CFU per mL by measuring the optical density (OD) value of the bacterial suspension. 10 µL of the initial concentration of S. aureus was dripped on the substrate and dried at room temperature for 1 hour. After the plasma treatment, the samples were put into test tubes containing 5 mL of germ-free water and mixed for 5 minutes by a vortex mixer. The obtained suspensions were then serially diluted and dispersed onto agar plates, and the CUF number was counted after incubation for 36 hours at 37
• C. In our experiments, two independent sets of samples were prepared and each dilution was dispersed onto two agar plates, which means that every colony counting result was an average of the four agar plates.
3 Results and discussion Fig. 2 shows the survival curves of S. aureus after plasma jet treatment. The number of survivors decreases by less than one order of magnitude from 1.9 × 10 6 CFU to 2.8 × 10 5 CFU after plasma treatment for 240 s at 15 kV. When V pp increases to 16.5 kV, the number of survivors decreases quickly with increasing plasma treatment duration. It is worth noting that the bacteria were totally inactivated at 180 s without any bacteria left on the agar plate. When V pp rose further to 18 kV, the number of survivors decreased more quickly than at 16.5 kV and all the bacteria were inactivated with plasma treatment for 120 s. It suggests that the plasma jet inactivates the bacteria of S.aureus effectively and the sterilizing efficiency depends critically on the discharge parameter of V pp . The cell morphologies of S. aureus as in SEM images (×15000) before and after plasma jet treatment are shown in Fig. 3 . It clearly shows that all the bacteria cells are inactivated with a plasma treatment of 120 s at 18 kV, which is consistent with the results given in Fig. 2 . It further demonstrates that the cell morphology was damaged seriously with cracks and holes (marked with arrows) on the cell surface in Fig. 3(b) , which is considered to be the mechanism of bacterial inactivation with the leakage of the inner substances of the cell, such as protein, and subsequent death of the bacteria [9] . On the other hand, the SEM image shows that the surface proteins of S. aureus are destroyed by plasma, which also makes a contribution to the sterilization of S. aureus [10, 11] . To understand the sterilization mechanism of S. aureus by plasma, the active species generated in the plasma jet were characterized by OES, and the inactivation of bacteria is attributed to them [12, 13] . Fig.4 The optical emission spectra of helium plasma jet in the 200∼800 nm range at 18 kV oxygen-related active species is contributed from ambient air, although the working gas of the plasma jet is helium. Typically, the emission lines at wavelengths of 309 nm, 391 nm, 706 nm and 777 nm, corresponding to OH, N 2 + , He and O, respectively, are considered to be the representation of dominating species in the discharge and responsible for bacterial sterilization. The intensities of these four optical emission lines are presented in Fig. 5 as a function of V pp . It shows that the intensity of N 2 + is much higher than that of any of the other three species, which is consistent with the spectrum shown in Fig. 4 . With a rise in V pp , all the intensities of the emission lines increase because of the enhancement of the discharge intensity. It is interesting to note that the intensity of OH and He grows faster than that of O, and the intensity of N 2 + grows faster than all the other species. In the case of the atmospheric non-thermal plasma jet employed, the gas temperature was characterized to be below 35
• C, which is close to the optimal growth temperature of S. aureus. It suggests that the thermal issue cannot be the mechanism for plasma jet sterilization. Another possible sterilization mechanism is ultraviolet (UV) radiation, especially in the 200 ∼ 300 nm wavelength range where DNA destruction is most efficient, which plays an important role in low-pressure plasma sterilization [14∼16] . However, most UV radiation will be reabsorbed in the atmospheric pressure and will not reach the sample's surface [17] , which is justified in Fig. 4 where there is no obvious UV emission between 200 nm and 300 nm. It indicates that UV radiation is also not responsible for the atmospheric plasma jet sterilization. Therefore, the sterilization mechanism for S. aureus in this work could be attributed to the active species generated in an atmospheric non-thermal plasma jet. First, both the attack on the cell outer layer by OH radicals [18] and the bombardment of the surface of the bacterial cell by charged species of N 2 + [9] cause damage to cell morphology, as shown in Fig. 3(b) , with cracks and holes on the bacterial cell surface. The O radical is also considered to play an important role in plasma sterilization by reacting with the cell wall and destroying the structure of DNA [19] . It is worth mentioning that the active species of OH, N 2 + and O take effect together during the inactivation of S. aureus. As indicated in Fig. 5 , the intensities of three kinds of active species increase with increasing V pp , which explains the improvement of the sterilizing efficiency at higher V pp .
Conclusions
In summary, an atmospheric non-thermal plasma jet was well designed and applied to sterilize S. aureus. As many as 10 6 S. aureus cells can be completely inactivated within 120 s at a 18 kV applied voltage and the sterilizing efficiency improves greatly with an increase in the applied voltage. The SEM images show that the bacterial cells are damaged by breaking the outer layer of the cell, leaving cracks and holes on the cell surface. The sterilization mechanism is proposed to be the effects of attaching, bombardment and oxidation on the bacterial cell by active species of OH, N 2 + and O, respectively, which are found by OES to be the dominant species generated in the plasma jet.
